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The Ciomadul is the youngest volcano of the Carpathian-Pannonian region, which erupted last time at 32 ka. It
produced high-K dacitic lava domes and pumiceous pyr&clastic rocks. The dacite is crystal-rich and contains pla-
gioclase, amphibole in addition to biotite, titanite, apatite, zircon and occasionally quartz, K-feldspar as well as
olivine, clinopyroxene and orthopyroxene. There are two groups of amphiboles, characterized by low-Al and
high-Al, respectively. They occur in the same samples and also as different zones of the same crystals.
Thermobarometric calculations suggest that the low-Al amphiboles were formed from a low temperature
(<800 °C) silicic magma, whereas the high-Al amphiboles crystallized at about 950 °C from a more mafic melt.
A near-solidus silicic crystal mush body was stored at 7-14 km depth, where an eruptible magma batch was pro-
duced by major reheating (about 200 °C temperature iﬁcrease) due to the intrusion of hot mafic magma into the

silicic magma reservoir. A magnetotelluric survey was performed to reveal whether any melt-bearing magma :

body could presently reside beneath the volcano. Both the 2D and 3D inversion modeling calculations indicate
low electric resistivity values in the depth interval of 5-25 km, just beneath the volcanic centers. This can be
interpreted as implying a partially melted zone, i.e. a crystal mush body containing about 5-15% melt fraction.
In addition, the 2D modeling calculation indicates also a deeper low resistivity anomaly at 30-40 km depth.
The consistent petrologic and magnetotelluric constrains on the magma storage beneath Ciomadl corroborated
also the recent seismic tomography result, which pointed out a low-velocity anomaly at 8-20 km depth zone.
Thus, results of independent models suggest the presence of a melt-bearing crystal mush body beneath the seem-
ingly inactive volcano. Since there are implications for long repose periods during the lifetime of the volcano as
well as for effective and rapid remobilization of the low-temperature silicic crystal mush body prior to volcanic
eruptions, the present existence of a low melt fraction silicic crystal mush beneath Ciomadul could mean that
there is still a potential for a rejuvenation in the future. We suggest for long-dormant or seemingly inactive
volcanoes, such as Ciomadul, having melt-bearing magmatic body at depths to term as ‘volcano with potentially
active magma storage’ or PAMS volcano.

© 2014 Published by Elsevier B.V.

1. Introduction

is that volcanoes can be in dormant stage even for several 10s ka
(e.g., Mt. St. Helens, Clynne et al., 2008; Lassen Volcanic Center:

There are approximately 1500 potentially active volcanoes in the
Earth (Siebert et al.,, 2011). By definition, they include all the volcanoes
that erupted at least once for the past 10 ka and there is still a chance for
another eruption in the future. However, the caveat of this classification

* Corresponding author at: MTA-ELTE Volcanology Research Group, H-1117 Budapest,
Pazmany sétany 1/C, Budapest, Hungary. Tel.: 436 1372 2500x8355; fax: +36 1381 2108.
E-mail address: szabolcs.harangi@geology.elte.hu (S. Harangi).

http://dx.doi.org/10.1016/jjvolgeores.2014.12.006
0377-0273/© 2014 Published by Elsevier B.V.

Clynne and Muffler, 2010; Santa Maria: Escobar-Wolf et al., 2010;
Volcan Tepetiltic Frey et al., 2013). Furthermore, there are evidences
that mushy magma body in crustal depth could exist for more than
100 ka before volcanic eruption (Bachmann et al., 2007; Claiborne
et al., 2010; Cooper and Kent, 2014). Thus, the state of a volcano can
be evaluated only by integrating the eruptive history of the volcano
with the information about the nature of the magma chamber beneath
it. Until crystal mush body with some melt fraction is present beneath a

Please cite this article as: Harangi, S., et al., Combined magnetotelluric and petrologic constrains for the nature of the magma storage system
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volcano, there is a potential chance for reawakening by reactivation of
the locked crystal mush. There are several mechanisms to achieve crys-
tal mush remobilization such as gas sparging from an underlying
recharged magma (Bachmann and Bergantz, 2006), wholesale convec-
tion and overturn of the mush by a hot recharge (Burgisser and
Bergantz, 2011) or thermomechanical unlocking by combination of
remelting and erosive microfracturation (Huber et al., 2011). When
the magma chamber is already solidified, there is much less chance for
further eruptions due to the requirement of much more thermal energy.
In summary, detection of melt-bearing magmatic body beneath dor-
mant or even seemingly inactive volcanoes is important to characterize
the state of the volcano and evaluate its possible future behavior.

Magnetotelluric method is a powerful tool to detect partial melt or
fluids in the crust by quantifying the electric conductivity behavior
(Newman et al., 1985; Ingham, 1988, 2005; Matsushima et al., 2001;
Brasse et al., 2002; Baba et al., 2006; Schilling et al., 2006; Heise et al.,
2007; Wannamaker et al., 2008; Hill et al., 2009; Ingham et al., 2009;
Pommier et al., 2010b; Addm and Szarka, 2011; Diaz et al., 2012;
Spichak, 2012; Desissa et al., 2013; Park and Ostos, 2013). However,
rock porosity, fluid content and the temperature at the larger depth
also influence the electrical resistivity. Distinguishing whether the
conductivity anomalies indicate partial melt or fluid is critical, although
it is not an easy task in many cases. Laboratory impedance measurements
under various pressure and temperature values conducted by Pommier
et al. (2008, 2010a, 2010b) suggest that circulating mineralized water in
crustal rocks could be characterized by much higher conductivity
(>1000 Sm_ ) than silicate melts (usually 0.01-10 Sm_'). Another ap-
proach could be the combined use of geophy51cal (magnetotellurlc and
seismic interpretations) and petrologic (geothermobarometric constrains
on the depth and nature of the magma chamber) methods (Pommier
et al., 2010b). The perspective of the magnetotelluric studies was
underlined by Umeda et al. (2006) who indicated a crustal magma
storage beneath the lide Mts, Japan that was previously considered as a
non-volcanic region.

The Ciomadul is the youngest volcano in the Carpathian-Pannonian
region (Fig. 1; Szakacs et al., 1993, 2002; Karatson et al., 2613), where
the last eruption occurred at 32 ka, as given by radiocarbon measure-
ments on charcoals found in pyroclastic deposits (Moriya et al., 1996;
Vinkler et al., 2007; Harangi et al., 2010). Although the long quiescence
period since the last eruption seems to imply that this volcano is
already inactive, there are several indications that a hot magmatic
body could still reside beneath the volcano. There is a high heat flow
(85-120 mW/m?; Radulescu et al., 1981; Demetrescu and Andreescu,
1994) around Ciomadul, and up to 78 °C temperature was measured
in adrillhole at 1140 m in Bdile Tusnad, at the western edge of Ciomadul
(Radulescu et al., 1981), there are strong CO, emanations often accom-
panied with release of H,S and SO, and the *He/*He isotope ratio of nat-
ural gases and CO,-rich mineral waters implies magmatic origin
(Althaus et al., 2000; Vaselli et al., 2002). Furthermore, a recent seismic
investigation pointed out a low-velocity anomaly just beneath the vol-
cano with a possible magma reservoir between 8 and 20 km depths
(Popa et al., 2012). Thus, Szakacs et al. (2002), Harangi (2007) and
Szakacs and Seghedi (2013) emphasized that Ciomadul should be
regarded as a potentially active volcano, where rejuvenation of volca-
nism cannot be unambiguously excluded. Here we provide the result
of a magnetotelluric survey across the volcanic edifice combined with
the data of the geobarometric calculations using amphiboles and plagio-
clases of the dacites (Kiss et al., 2014) to test the feasibility whether the
detected parameters could be linked to a potential melt presence in
crustal depth beneath the volcano.

2. Geological background
The Ciomadul volcano is located at the southern termination of the

Calimani-Gurghiu-Harghita (CGH) andesitic-dacitic volcanic chain, at
the southeastern edge of the Carpathian-Pannonian region (Fig. 1;

Szakacs et al., 1993; Szakacs and Seghedi, 1995). The volcanism along
the CGH is characterized by a gradually younging volcanism from
11.3 Ma (Peltz et al., 1987; Pécskay et al., 1995). There was a sharp
compositional change of the erupted magmas within the Harghita
Mountains around 3 Ma and since that time more potassic and
incompatible element-enriched volcanic products have been formed
(Seghedi et al., 1987; Szakacs et al., 1993; Mason et al., 1996). Termination
of the volcanic activity at the southern Harghita was followed by eruption
of even more potassic magmas after a couple of 100s ka repose time.
Shoshonitic magmas with strongly mixed mineralogical character formed
isolated cryptodome bodies at about 1.5 Ma (e.g., Mason et al., 1995;
Pécskay et al., 1995; Mason et al., 1996). The age of the volcanism in the
Ciomadul is controversial. K/Ar dating indicates that the volcanic activity
could commence at 500-600 ka after sporadic lava dome effusions at
about 900-1000 ka (Pécskay et al., 1992, 1995). However, according to
the (U-Th)/He zircon ages Ciomadul could be much younger (<200 ka;
Karatson et al., 2013). The volcanism of the Ciomadul is characterized
by an initial lava-dome complex development, whereas in the latest
phase, vulcanian to sub-plinian explosive eruptions were more frequent.
As a result, two explosion craters were formed, the Mohos and the Sf. Ana
craters (Szakacs and Seghedi, 1995). The former one is covered presently
by a swamp, whereas the youngest crater is filled by a lake (Magyari et al.,
2009, 2014). The erupted magma remained fairly homogeneous through
time and shows high-K dacitic composition (Szakacs and Seghedi, 1986;
Vinkler et al., 2007).

The geodynamic setting of the CGH volcanism and particularly the
volcanic activity of southern Harghita and Ciomadul is still debated.
Gradual slab-break off of the subducted slab, lithospheric delamination
either following the subduction or due to gravitational instability was
invoked to explain the tectonic evolution of this region (e.g. Girbacea
and Frisch, 1998; Mason et al., 1998; Chalot-Prat and Girbacea, 2000;
Sperner et al., 2001; Lorinczi and Houseman, 2009; Fillerup et al.,
2010; Koulakov et al., 2010; Seghedi et al., 2011; Ren et al., 2012).
Nevertheless, an active geodynamic situation is clearly indicated by
the continuous seismicity attributed to the descent of a near vertical
slab beneath the Vrancea zone (Oncescu et al., 1984; Sperner et al.,
2001; Popa et al., 2012) about 50 km southeast from Ciomadul. This ex-
hibits the largest present-day strain concentration in continental
Europe (Wenzel et al., 1999).

3. Analytical conditions
3.1. Petrologic investigations

Fresh samples were collected both from lava dome rocks and from
pumiceous pyroclastic deposits. Composition of the mineral phases of
the Ciomadul dacites was determined using a CAMECA SX100 electron
microprobe equipped with four WDS and one EDS at the University of
Vienna, Department of Lithospheric Research (Austria). The operating
conditions were as follows: 15 kV accelerating voltage, 20 nA beam
current, 20 s counting time on peak position and PAP correction proce-
dure for data reduction. Amphibole and plagioclase crystals were mea-
sured with defocused beam (3-5 um). Calibration was based on the
following standards: Amelia albite (Na, Si, Al), San Carlos olivine (Mg),
almandine 112140 (Fe), microcline (K), wollastonite (Ca), rutile (Ti)
and spessartine (Mn).

3.2. Magnetotelluric survey and data quality

Magnetotellurics (MT) is a geophysical technique characterizing the
electric conductivity (or its reciprocal quantity, the electrical resistivity)
structure at depth, applying a very large natural electromagnetic (EM)
source of magnetosphere origin. The time variations of the EM field pen-
etrate into the subsurface, where they are attenuated, depending on the
period length of the variations. At the surface, the magnetotelluric trans-
fer function (the MT impedance, i.e. the complex relationship between
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Fig. 1. A. Location of the Ciomadul volcano (CV) in the southeastern Carpathian area of the Carpathian-Pannonian Region (red colors denote the Miocene to Pliocene andesite-dacite volca-
noes). CG = Calimani-Gurghiu volcanic complex, H = Harghita volcanic complex, BB = Bragov basin, PV = Persani basalt volcanic field. Geological map is after Cloetingh et 4l. (2004) and
Martin et al. (2006). B.Simplified geological map of the South Harghita-Ciomadul volcanic area modified after Seghedi et al. (1987). The South Harghita volcanic field comprises the Luci-Lazu,
Cucu and Pilisca volcanic complexes. The Malnas and Bixad are two shoshonitic cryptodomes. The Ciuc basin is a Pliocene-Quaternary intramontane basin. The Ciomadul volcanic complex is
underlain by Cretaceous Flysch sedimentary formations. (For interpretation of the references to color in this figure legefid, the reader is referred to the web version of this article.)

the recorded electric and magnetic field variations) depends on the
electrical resistivity structure beneath the surface. The MT method is
able to reveal if there is any melt-bearing magmatic body at depth
below the given field site.

In autumn 2010 we carried out twelve long period magnetotelluric
soundings in the investigated area (Fig. 2). The time variations of the
magnetic field components (Hx, Hy and Hz) were measured by using in-
duction coils, while the Ex, Ey electric (“telluric”) field components
were measured by using 50 m long electric dipoles. The average dis-
tance among the 12 field stations varied between 1 km and 4 km. Due
to the 4-5 days long continuous recording of the EM fields at each

station, it was possible to observe time variations in the period range
0f 0.25-15,000 s. A simultaneous use of three different LEMI 417 acqui-
sition Systems, allows applying remote and cross reference techniques,
which is an efficient technique to eliminate EM noise of artificial origin.

Due to surface roughness, hillside location, and various technical dif-
ficulties, the spacing between the neighboring MT stations could not be
equidistant. At a part of the field stations (usually close to inhabited
areas and/or to railway lines), strong artificial electromagnetic noise
was observed. At some sites the telluric wires were occasionally bitten
and cut by wild animals. Due to the fact that the effective recording
time sufficient to estimate the MT transfer function for the investigated
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Fig. 2. Location of the MT stations in Ciomadul and the sections used to construct the 2D modeling profiles in Fig. 8. Topographic map after Karatson et al. (2013).

depth range is about 1-2 days, and our record length was 2-5 times lon-
ger (4-5 days/stationf, the aforementioned disturbances and damages
did not make impossible to construct full MT sounding curves. The nat-
ural electromagnetic variation (i.e. variation of solar wind origin) was
relatively low in autumn 2010, when the MT soundings were carried
out. The data were processed by using robust single-site processing
code, and, in some cases, remote reference processing code, in order
to eliminate artificial electromagnetic noises and to estimate MT trans-
fer functions with different approaches (Vero, 1972; Egbert and Booker,
1986; Egbert and Livelybrooks, 1996).

4. Results
4.1. Petrology of the Ciomadul dacite

The Ciomadul lava dome rocks and pumices are relatively homoge-
neous in composition (Si0, = 62-68 wt.%, K,0 = 3.0-3.6 wt.%,
Na,0 = 4.0-4.6 wt.%; Szakacs and Séghedi, 1986; Mason ef al., 1996;
Vinkler et al., 2007) and are calc-alkaline, high-K dacites. The crystal
content is relatively high in the lava dome rocks (30-40 vol.%), whereas
pumices contain less phenocrysts (10-15 vol.%). The crystal assemblage
is fairly diverse; in addition to the dominant plagioclase, amphibole and
biotite phenocrysts (Fig. 3A), titanite, apatite, zircon are commonly ob-
served, occasionally with quartz, K-feldspar, allanite and clinopyroxene,

olivine and orthopyroxene. This complex mineral assemblage implies
mixing of silicic and mafic magmas prior to the eruptions (Kiss et al.,
2014). A notable feature of many dacite samples is the occurrence of
felsic crystal clots (Fig. 3B), which contain the same mineral population
as the host rock. They often consist of 10-15 vol.% interstitial vesiculat-
ed glass. Clinopyroxene and olivine form Erystﬁl clots with minor plagio-
clases, but they occur also solely in the silicic groundmass.

Plagioclase is the most abundant mineral phase occurring either in
large glomerocrystic aggregates or as euhedral microphenocrysts. The
An-content is in the range from 25 to 60 mol% in both plagioclase
types, but they differ in FeO content. The glomerocrystic plagioclases
are characterized by typically low FeO (FeO < 0.2 wt.%) while the FeO
content of the microphenocrysts shows large variation with up to
0.55 wt.% values. It is remarkable that the outermost rim of the
glomerocrystic plagioclases in the older lava dome rocks has often ele-
vated FeO akin to that of the microphenocrystic plagioclases. They con-
tain mineral inclusions such as amphibole and occasionally titanite and
zircon. Amphiboles occur in diverse textural forms (Fig. 3B) and show a
wide compositional range (Al,03 = 6-15 wt.%, MgO = 10-18 wt.%;
Table 1., Fig. 4A) even within single samples (Kiss et al., 2014). They
can be classified into two groups, a low-Al and a high-Al ones that are
common in many intermediate arc volcanoes (e.g., Redoubt, Coombs
et al., 2013; Unzen, Sato et al., 2005; Soufriére Hills, Murphy et al.,
2000; Mt. Pelée, Pichavant et al., 2002; Pinatubo, Pallister et al., 1996).
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200 pm

200 pm

Fig. 3. Representative microscopic images of the Ciomadul dacite: A. Characteristic occurrences of amphibole and plagioclase phenocrysts and microphenocrysts in the lava dome rocks
(optical microscopic picture with one nicol); B. Felsic inclusions (crystal clots) are common in a dacite. They have cumulate texture, but with some interstitial glass and are composed of
plagioclases, amphibole, titanite, apatite, biotite and zircon (optical microscopic picture with one nicol). C. Back scattered image of a lava dome rocks. Note the different zoning patterns and
reaction rims of the amphibole phenocrysts. They can be subdivided into two groups: hornblendes (low-Al amphibole) with thicker reaction rim and pargasites (high-Al amphibole) with
stronger zoning and very thin reaction rim. D. Clinopyroxene crystal clot in dacitic lava dome rock. In the back-scattered image oscillatory zoning of the clinopyroxene crystals can be

clearly observed. cpx = clinopyroxene; ol = olivine; am = amphibole.

The low-Al amphiboles are in close coexistence with the low-FeO pla-
gioclases, quartz, biotite, titanite and K-feldspar, whereas the high-Al
amphiboles can occur with the plagioclase microphenocrysts and as
overgrowths on olivine and clinopyroxenes. Majority of olivines,
orthopyroxenes and clinopyroxenes is characterized by high MgO
content (Fo = 84:90 mol% and mg-number = 0.85:0.91, respectively)

that implies derivation from primitive basaltic magma. The high-Mg
olivines are surrounded by thick reaction corona, however, in rare cases
they have unresorbed margin similarly as some high-Mg clinoproxenes.
While the olivines are mostly slightly zoned, clinopyroxenes often show
oscillatory and reverse zoning with fluctuation of the mg-number along
with the Cr-content (Table 2, Fig. 3D). Magnesian orthopyroxenes occur

Table 1
Representative major element composition of Ciomadul amphiboles and the calculated crystallization temperature and pressure.
Sample TC15 Kp9-30b KCS17-100 Tf13-1 KCS17-100 BX08/1 BX28-3-sza TC15
Low-Al High-Al
Crystal am4 am3 amf_sz_2am am2 no.2 am2 am9 amf_9_c am6
Felsic crystal clot Felsic crystal clot
Si0o, 44.98 4491 43.93 47.17 44.14 44.05 44.45 44.89
TiO, 132 125 1.27 0.96 2.20 1.58 1.39 1.94
Al,03 8.57 8.28 8.49 7.28 11.61 10.41 11.33 10.97
FeO? 15.33 15.51 15.76 14.24 8.18 12.18 7.72 7.62
MgO 12.19 11.83 1241 1341 16.09 13.99 17.01 16.74
MnO 0.42 0.44 04 0.44 0.12 0.20 0.08 0.12
Cao 11.86 11.72 11.73 11.70 11.75 11.77 11.70 11.93
Na,O0 1.48 1.53 144 1.40 224 2.04 240 2.07
K0 0.94 0.90 0.97 0.72 0.90 0.83 0.88 0.81
Total 97.09 96.36 97.04 97.31 97.229 97.11 97.03 96.10
T°C 728 704 756 705 956 893 950 941
P MPa 347 365 295 270 325 207 301 276

¢ All Fe as FeO.
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Fig. 4. A. Variation of the Al,03 content (in wt.%) of the Ciomadul dacites. yellow color denotes the low-Al amphiboles, whereas green indicates high-Al amphiboles; B. Distribution of the
calculated crystallization temperature (in °C) of the amphiboles based on the thermometer of Anderson et al. (2008) for low-Al amphiboles and Ridolfi et al. (2010) and Ridolfi and Renzulli
(2012) for high-Al amphiboles. The thick gray line indicates the water saturated solidus temperature (T_solidus) of dacite at 200;300 MPa according to Holtz et al. (2001). The tl}in
gray line is the maximal stability temperature in °C for amphiboles at 200-300 MPa based on the experimental results of Barclay and Carmichael (2004) and Adam et al. (2007).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

mostly in the pumices and they are surrounded by well-developed reac-
tion rim bracketed by amphibole.

5. Thermobarometric calculations

Occurrence of amphiboles and their coexistence with wide range of
minerals enable to perform thermobarometric calculations to constrain
the condition of the crystallization (e.g., Hammarstrom and Zen, 1986;
Johnson and Rutherford, 1989; Blundy and Holland, 1990; Anderson
and Smith, 1995; Bachmann and Dungan, 2002; Ridolfi et al., 2010).
Composition of amphiboles is particularly sensitive on pressure
(Johnson and Rutherford, 1989; Schmidt, 1992; Anderson and Smith,
1995; Anderson et al., 2008), and thus, it is widely used to estimate
the depth of crystallization (converting pressure to depth, we assume
2.85 g/cm? average density of the crustal rocks). The single amphibole
geobarometers of Ridolfi et al. (2010) and Ridolfi and Renzulli (2012)
are commonly applied to constrain the depth of magma chambers be-
neath intermediate arc volcanoes (e.g., Scott et al., 2012; Chambefort
et al., 2013; Costa et al.,, 2013; Turner et al., 2013; Walker et al., 2013).
In this case, amphiboles with wide compositional range could imply ei-
ther a vertically extended magma reservoir or separated magma cham-
bers at different depths. Results of these geobarometers were recently
tested using compositionally zoned amphiboles and experimental data

Table 2
Representative major element composition of Ciomadul clinopyroxenes (core and rim
analyses). mg-number = Mg?* / (Mg? " + Fe'®).

Sample KCs17 cpx3 Mo2 cpx5 Mo2 cpx7
Core Rim Core Rim Core Rim

SiO, 52.70 53.30 5291 51.20 52.07 52.62
TiO, 0.42 0.20 0.33 0.72 0.35 0.40
Al,O3 1.80 1.13 1.96 3.65 2.31 2.17
Cr,05 0.12 0.30 0.31 0.04 0.01 0.19
FeO 4.15 3.66 3.25 5.21 547 3.63
MnO 0.12 0.13 0.08 0.13 0.22 0.10
MgO 18.81 19.49 17.75 16.33 16.20 17.46
Ca0O 21.14 20.62 23.12 22.28 22.72 22.98
Na,O0 0.24 0.19 0.27 0.34 0.40 0.29
Total 99.50 99.03 100.00 99.89 99.76 99.84
mg-num 0.89 0.90 0.91 0.85 0.84 0.90

and it turned out that the large calculated pressure variation provided
by the Ridolfi et al. (2010) or Ridolfi and Renzulli (2012) geobarometers
is only apparent and reflects crystallization of amphiboles at different
temperature and/or from different magmas (Shane and Smith, 2013;
Erdmann et al., 2014; Kiss et al., 2014). The pressure estimates obtained
for bimodal amphibole populations in arc magmas can be explained
rather by crystallization in cold, felsic magmas and hot, mafic magmas,
respectively than by formation in two reservoirs at different depths
(Erdmann et al., 2014; Kiss et al., 2014). Thus, a careful textural and com-
positional investigation, involving a comparison of the amphibole compo-
sitions with experimental data and considering their coexisting mineral
assemblage, is necessary before conducting the thermobarometric
calculations.

We estimated the crystallization temperature of the low-Al amphi-
boles using the calculation scheme developed by Anderson et al.
(2008), whereas for the high-Al amphiboles we used the thermometric
calibrations of Ridolfi et al. (2010) and Ridolfi and Renzulli (2012),
which provided more reliable temperature values (Kiss et al., 2014).
We obtained less than 800 °C with an average of 740 °C (Fig. 4B)
crystallization temperature for the low-Al amphiboles. This is consistent
with the experimental results on dacitic rocks containing similar co-
existent mineral assemblage (e.g., Fish Canyon tuff; Johnson and
Rutherford, 1989) and the occurrence of zircons with high Hf content
(>11,000 ppm; Claiborne et al, 2010) in the Ciomadul dacite. In contrast,
compositional features of the high-Al amphiboles resemble those crys-
tallized above 900 °C in the experiments (Kiss et al., 2014). Indeed, we
got temperature values between 900 °C and 1000 °C with an average
of 950 °C (Fig. 4B).

The composition, the low crystallization temperature and the
coexisting mineral assemblage (quartz + plagioclase + K-feldspar +
biotite + titanite) of the low-Al amphiboles allow the use of the Al-in-
amphibole barometer introduced first by Hammarstrom and Zen
(1986). This barometer was further developed later (e.g., Schmidt,
1992; Anderson and Smith, 1995) and we used the temperature depen-
dent calculation scheme of Anderson et al. (2008). We obtained crystal-
lization pressure for the low-Al amphiboles ranged between 200 and
365 MPa with a mean value of 285 + 45 MPa. That corresponds to a
crystallization depth of 7-14 km. For the high-Al amphiboles, we got
an overlapping pressure range with the previous results, but with a
shift toward greater pressure values (200-500 MPa with an average
324 £ 62 MPa) using the Ridolfi et al. (2010) geobarometer.
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6. Magnetotelluric results: strike direction, induction arrows and
dimensional analyses

Several characteristic MT sounding curves with apparent electric re-
sistivity and impedance phase values are shown in Fig. 5. Unfortunately
it was site Cs1, close to the Sf. Ana Lake, i.e. inside the main explosion
crater, where the MT sounding curves were of the poorest quality,
so this field station had to be excluded from the interpretation. At
first, prior to the inversion and modeling process, we checked the
magnetotelluric strike direction from the data. Estimations were made
by using three standard approaches: the “impedance strike” (Swift
angle — Swift, 1967), the “tipper strike”, and the “phase sensitive
skew” (Bahr, 1988, 1991). The rose diagrams obtained from the tipper
strike angles are shown in Fig. 6. The strike is around N30°E, where at
longer periods it has a complex feature. The impedance strike was
very complex; phase sensitive strike indicates again a strike direction
of about N30°E. Therefore, for some further magnetotelluric modeling,
a general strike direction of N30°E can be assumed. The so-called induc-
tion arrows, which are calculated from the tipper (i.e. the ratio of verti-
cal to horizontal magnetic field) provide an additional indicator. The
induction arrows in Fig. 7 are plotted according to the Parkinson con-
vention (the “reverse” Wiese convection, Wiese, 1962), where their
real parts point to the high conductivity (low resistivity) structures.
The chaotic behavior of induction arrows at short periods is probably
caused by shallow small-scale structural or lithological resistivity
anomalies. At longer (approximately T = 100 s) periods the arrows are

T = 1000 §) periods, they are turning to northeast. At the longest periods
the coherence disappears again. In the 100 s-1000 s period range the
structure may be considered as two-dimensional (2-D), except near the
main volcanic crater filled by the Sf. Ana lake.

The subsurface electromagnetic structure beneath any volcano is
complex, because it might consist of variably altered, clayey formations,
hydrothermal fluids as well as a magma storage zone. The dimensional-
ity analysis that we carried out (not shown in figure) confirms this
complexity. Nevertheless, the magnetotelluric strike direction and the
induction vectors allow applying two-dimensional (2-D) approaches.

7. Magnetotelluric data modeling and inversion
7.1. Two-dimensional inversion

We carried out 2-D model computations, by inverting MT imped-

ances using non-linear conjugate gradient algorithm by Rodi and :

Mackie (2001). From the set of the MT sites we defined three different

elongated profiles: (a) N-S, (b) NNE-SSW, (c) NNW-SSE (Fig. 8). Two :

of them (profiles (a) and (b)) cross the volcanic crater (Sf. Ana lake)
and the third one (profile (c) in the NE part of the investigated area)
points to NNW-SSE direction. Before defining the final models, a num-
ber of tests were carried out for searching the smoothing parameters,

error floors etc. The starting model for the inversion was a homoge- :

neous half-space with an electrical resistivity of 100 Q m, where the

surface topography was taken into account. In the inversion process :

aligned to southeast direction, while toward even longer (approximately we used the measured data errors (if they existed), otherwise an error
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Fig. 5. MT sounding curves at four selected sites (Cs3, Cs7, Cs9, Cs12; Fig. 2).
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Fig. 6. Strike directions at five period ranges, calculated from the tipper values.

floor of 10% (for the apparent resistivity values) and 5% for the imped-
ance phase values were applied. The static shift correction was automat-
ically corrected, and the root mean square misfit (RMS) was minimized
to 100 iterations. Inversions were carried out separately for both polar-
ization modes (TE and TM), and, as a third version, a bimodal inversion
(TE + TM) was also carried out. The RMS misfit along all the three pro-
files converged below 6%. From the inversion results the best fitting so-
lution was selected. In profile (a), a low resistivity structure with
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<5 Q m values that correspond to 0.3-0.8 Sm:1 conductivity values
was found in the depth range of 5-25 km (Fig. 8). The horizontal exten-
sion of this anomaly is less than 6-7 km. A similar anomaly is shown in
the profile (b), and its source seems to be more or less of the same size
as that in profile (a). This anomaly is located near the main volcanic
crater. In profile (c) there is no any low-resistivity zone in this shallow
(5-25 km deep) depth range. Instead, the low-resistivity zone appears
here much deeper, in the depth range of 30-40 km (Fig. 8).
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Fig. 7. The phase tensor ellipses and real induction arrows (in the so-called Wiese convection) in the horizontal map at six periods. The fill of ellipses represents the 3p skew angle in degree

(Wiese, 1962; Caldwell et al, 2004).
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Fig. 8. 2-D inversion results along three selected profiles. Bimodal inversion with H, conjugate was applied, based on inversion code by Rodi and Mackie (2001). Resistivity values are in
logarithmic scale: a) NS profile with sites: 9-12-4-5-3 (RMS 5.6%); b) NNE-SSW profile with sites: 10-2-12-11-4-5 (RMS 2.075%); c) profile 6-7-10 (RMS 0.88%).

7.2. 3-D modeling and inversion results

We performed a 3-D inversion by using the WSIN3DMT inversion
code (Siripurnvaraporn and Egbert, 2000; Siripurnvaraporn et al.,
2005a, 2005b), applying 49 cells in horizontal (N-S and E-W) directions
and 32 cells in vertical direction. The horizontal dimensions of the cen-
tral cell in the grid were set to 10 x 10 km. The considered domain hor-
izontally extended to 1945 km and vertically it extended to a depth of
508 km. The input data for the 3-D inversions from the 12 field stations
were the values of imaginary and real parts of the impedance tensor
elements Zxx, Zxy, Zyx and Zyy, determined at 13 various periods. The
topography in the 3-D inversion was ignored. The inversion after 7

iterations arrived to a good fit between the measured and the modeled 411
values, characterized by 1.92% RMS. The low resistivity anomaly in the 412
depth range of 5-20 km, drawn from 2-D inversion, was confirmed by 413
the 3-D inversion (Fig. 9). However, there is a significant difference be- 414
tween the 3-D and 2-D inversion results: in 3-D inversion, at deeper 415
part there was no indication for a low resistivity zone. This contradiction 416
between the 2-D and 3-D results might be resolved by the behavior of 417
the vertical magnetic field, which was considered in the 2-D inversion, 418
and was ignored in the 3-D one. As seen from the induction arrows 419
and the so-called phase ellipses, at the apparent depth of 25 km, there 420
is an evident deepening tendency from SW toward NE direction. A com- 421
parison between 3-D and 2-D inversion results are shown in Fig. 10. 422
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8. Discussion
8.1. Petrologic constrains on the condition of the magma storage

Magmatic system beneath volcanoes is regarded to have a complex
architecture and is different from the single circular, melt-bearing
magma chamber view. The magma reservoir or magma storage contains
interconnected crystal-melt mush zones (non-eruptible part of the
magma body), occasionally with melt-dominated regions or lenses
(eruptible magma), which can be termed as magma chamber
(Hildreth, 2004; Annen et al., 2006; Hildreth and Wilson, 2007;
Bachmann and Bergantz, 2008; Cashman and Sparks, 2013; Cooper
and Kent, 2014). There could be a continuation of this shallow crustal
magma reservoir toward the depth, where further magma reservoirs
may exist either composed by crystal mush or are already in solid
state. At the crust-mantle boundary, an extensive magma storage
zone can be present, where mantle-derived mafic magmas could accu-
mulate (Stroncik et al., 2009) or could mix with crustal melt (Hildreth,
1981), altogether forming the ‘hot zone’ (Annen et al., 2006). The
volcano petrology is a powerful tool to characterize this complex
system using integrated textural and geochemical studies combined
with thermobarometric calculations (e.g., Humphreys et al.,, 2006;
Shcherbakov et al., 2011; Viccaro et al.,, 2012; Kiss et al., 2014).

The Ciomadul dacites have a fairly diverse crystal assemblage that
can be divided into a low-temperature (<800 °C) mineral population
(low-FeO plagioclase glomerocrysts, low-Al amphibole, biotite, quartz,
K-feldspar, titanite, apatite, zircon, and allanite) and a high-temperature
(>900 °C) mineral group (plagioclase microphenocrysts, high-Al amphi-
bole, olivine, clinopyroxene, orthopyroxene). The low-temperature min-
eral assemblage is also found as felsic crystal clots, which can be
interpreted to represent fragments of a crystal mush body, having a
long lifetime beneath the volcano at temperature close to the solidus of
granodioritic/dacitic system (Kiss et al., 2014). This magma storage is
regarded as a heterogeneous silicic magma reservoir, where crystals and

melts existed with variable relative amounts, but overall, it consisted of
a non-eruptible magma body (i.e., crystals > melt). The compositional
zoning of zircons and textural features of olivines and clinopyroxenes
(not detailed here) suggest that the felsic shallow crustal magma storage
was developed by intermittent pulses of silicic magma ascent and repeat-
ed intrusions of basaltic magmas. This sequence of events could keep the
magma reservoir at temperature above the solidus temperature for 10s ka
with no volcanic eruption. The geobarometric calculations from the
low-Al amphiboles indicate that this felsic magma reservoir resided at
7-14 km depth (Fig. 11). Among the amphiboles, there are crystals
with a zoning type where high-Al amphibole rim is observed around
low-Al amphibole cores. This clearly suggests that both amphibole
types crystallized in the same magma reservoir at similar depth and
not in distinct magma storage zones (Kiss et al.,, 2014). Furthermore, it
implies that a major reheating event with over 200 °C temperature in-
crease occurred just prior to the extrusive volcanic eruptions and this
can be connected to the intrusion of hot basaltic magma into the felsic
crystal mush body. This mantle-derived basaltic magma transported
high-Mg olivines and clinopyroxenes into the silicic magma reservoir.
The lack of strong resorbtion around many Mg-rich olivine and
clinopyroxene crystals in the dacite implies that mixing of the mafic
and silicic magma could occur just before the eruption. The melt-
bearing crystal sponge was effectively remelted and as a consequence
an eruptible magma was formed (Kiss et al., 2014). The key-elements
in this process are the existence of a crystal mush body with some
melt fraction, presumably not more then 10-20 vol.% and the ascent
of a hot mafic magma batch, which had enough volume to reheat signif-
icant part of the cold magma body.

The mafic crystal clots in the Ciomadul dacite provide additional in-
formation about the deeper magma system. Clinopyroxenes often show
compositional zoning including oscillatory zoning pattern with major
changes in the mg-number and Cr content. This is consistent with inter-
mittent replenishment in the mafic magma storage. Since we have no
data on the melt composition equilibrated with the clinopyroxenes, it
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Fig. 11. Constrains on the depth of the magma chamber based on different methods: results of geobarometric calculations on the crystallization pressure of amphiboles (frequency dis-
tribution based on 121 amphibole compositional data; yellow: low-Al amphiboles; dark green: high-Al amphiboles; pressure values are obtained using the calculation scheme of Anderson
etal. (2008) for low-Al amphiboles and Ridolfi et al. (2010) for high-Al amphiboles). The black dotted line denotes the stability limit of amphiboles in dacite magmas based on the exper-
imental data of Blundy and Cashman (2001); low-velocity seismic anomaly based on the seismic tomography model of Popa et al. (2012); and the very low (<2 Q m or>0.5Sm™ ') and
low resistivity anomaly (<10 Q mor>0.1Sm ') based on the 2D inversion model presented in this study (Fig. 8). The results of these independent techniques coutd fmply the existence of
a magmatic body with some théit fraction beheath Ciomadul at a depth range of 8-25 km. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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is not possible to estimate the depth of the mafic magma storage, but
considering the thick crust (Radulescu, 1988; Enescu et al., 1992;
Dérerova et al., 2006) beneath the Ciomadul, we tentatively infer that
this could be located at the crust-mantle boundary around 30-40 km
depth.

8.2. Magnetotelluric indication for the magma storage

Magnetotelluric technique is a powerful tool to detect partially
melted zone beneath volcanoes, since conductivity anomalies can be
typically attributed to the presence of fluids, such as silicate melts in
the crust and the mantle (Schilling et al., 1997, 2006; Baba et al., 2006;
Heise et al., 2007; Hill et al., 2009; Pommier et al., 2010a; Pommier
and Le-Trong, 2011). The high conductivity anomaly (0.2-0.8 Srrr:1 in
the strongest part) beneath Ciomadul at depth between 5 and 25 km
obtained both from the 2D and 3D inversion modeling calculations
(Figs. 8 and 9) clearly suggest interconnected fluids within the solid
crustal rocks. At shallow depth, hydrothermally altered rocks and/or
sedimentary deposits with interconnected pore fluids could explain
the high conductivity values. Although we cannot entirely rule out the
presence of aqueous fluid as being the cause of the high conductivity
at greater depth, we think that the coherent high conductivity anomaly
(0.3-0.8 Sm’]) beneath 10 km (Fig. 8) can be more reliably explained
by partlally melted crustal zone. Partially melted zones with similar
conductivity values were suggested by Schilling et al. (1997) and
Brasse et al. (2002) beneath the Bolivian Altiplano, Hill et al. (2009) be-
neath Mt. St. Helens and Mt. Adams and Heise et al. (2007) beneath the
Taupo Volcanic Zone. Pommier et al. (2010b) emphasized that electrical
measurements in laboratories are important to distinguish whether the
high conductivity indicates the presence of silicate melt or aqueous
fluids. Brines (mineralized water) circulating in pores and fractures
of the crustal rocks could have an extremely high conductivity
(>1000 Sm:I) whereas silicate melts have typically 0.01-10 Sm_ 1
electrical conductivity.

A partially melted zone consists of a two-phase medium with a solid
rock matrix and interstitial melt. The bulk conductivity is controlled by
the geometry of the melt fractions. Unconnected melt pockets in the re-
sistive rock do not change significantly the bulk electrical behavior,
whereas there is a noticeably increase in the conductivity in case of in-
terconnected melt (Sato and Ida, 1984; Roberts and Tyburczy, 1999).
Recently, it is emphasized that magma reservoirs even beneath active
volcanoes are composed of mixture of crystals and melts in various pro-
portions (crystal mush; Hildreth, 2004; Bachmann and Bergantz, 2004,
2008; Hildreth and Wilson, 2007). High conductivity in crustal level
could thus indicate a crystal mush body with the presence of melt frac-
tion in a critical amount that allows a sort of interconnection. The con-
ductivity of a crystal mush zone with interconnected melt does not
strongly depend on the solid rocks (Glover et al., 2000), but has a depen-
dence on the composition of the melt phase, the pressure and tempera-
ture as well as on the relative amount of the melt within the electrically
resistant solid framework (Pommier et al., 2008). The effect of temper-
ature and pressure on the conductivity is described by an Arrhenius law
and this was incorporated into the SIGMELT software developed by
Pommier and Le-Trong (2011). Composition of the melt is a critical pa-
rameter to determine the conductivity, where Na,O content has the
most significant role (Gaillard, 2004; Pommier et al., 2008). Considering
a dacitic melt with the typical composition of the Ciomadul volcanic
rocks (Na,O = 4.6 wt.%, Si0, = 64-67 wt.% and assuming 4 wt.%
H-0), the SIGMELT software (Pommiér and Le-Trong, 2011) provides
conductivity value of 0.5-1.1 Sm™ !, assuming 800-900 °C temperature
and 200-300 MPa. However, if we consider a ‘more residual melt
fraction “with higher SiO, content (>70 wt.%), the conductivity
slightly decreases (0.1-0.2 Sm~'). On the contrary, larger amount of
dissolved water in the melt increases significantly the conductivity up
to 6-8 Sm™ ! at H,0 = 10 wt.%. The ubiquitous occurrence of hydrous
phases (amphibole, biotité) in the Ciomadul dacites requires a water

content >4 wt.% in the melt. Thus, we could infer that the melt conduc-
tivity at a dacitic to rhyolitic composition similar to that of the Ciomadul
rocks could be around 1-1.5 Sm_ ', while 0.2-0.5 Sm_ ' values could
correspond with a partially melted zone containing 10-20% intercon-
nected melt. This latter conductivity values fit well with the resistivity
anomaly obtained by the 2D and 3D MT models at 5-25 km depth
(Fig. 8).

9. Implications for a partially melted zone beneath Ciomadul

Our interpretation that a partially melted zone could result in the

high conductive anomaly in the crust at 5-25 km is supported by :

other geophysical anomalies such as the seismic low velocity zone at
the same depth (8-20 km; Popa et al., 2012) and the high heat flow
(Demetrescu and Andreescu, 1994). Remarkably, the highest conduc-
tivity in the crustal level is detected just below the crater area. Further-

more, this is consistent with the recent volcanism of the Ciomadul. The 5

petrologic constrains on the magma storage suggest the existence of si-
licic crystal mush between 7 and 14 km, where intrusion of basaltic

magma could effectively remobilize it leading to volcanic eruption. 5

Existence of a magmatic body is inferred also by the relatively high
3He/*He values (Rm/R, is around 3. 0-4.5) in the gases emanated at the
Ciomadul (Vaselli et al., 2002). Furthermore occurrence of Mg-rich
and zoned clinopyroxenes requires a deeper magma chamber, possibly
at the crust-mantle boundary. The 2D magnetotelluric models (Fig. 8)
indicate a conductivity anomaly at 30-40 km slightly northeastward
from the crater area that might fit with the petrologic assumption. Re-
markably, the S-waves seismic tomographic profiles provided by Popa

et al. (2012) also show a deeper low-velocity anomaly at same position. 5

Thus, the presence of a partially melted zone or with other words, a
crystal mush body with some melt fraction beneath Ciomadul appears

to be well established by independent observations. The inferred 5

highest conductivity value (0.3-0.7 Sm:1) from the 2D model of the
MT measurements (Fig. 8) could indicate an interconnected network
of highly conductive phases, i.e. melt in the crustal rocks. Considering
a solid rock framework with conductivity of less than 0.01 Sm™ !, the

melt fraction can be estimated following the method described by 5

Schilling et al. (2006). Assuming melt conductivity calculated by the
SIGMELT software (Pommier and Le-Trong, 2011) for a dacitic composi-
tion similar to the Ciomadul volcanic rocks (0.4-1.0 Sm~') a melt frac-
tion of 5-15% is obtained. This can be regardéd as a minimum value
considering that some melt could be in isolated melt pocket (Partzsch
et al., 2000).

The presence of a melt-bearing crystal mush body beneath Ciomadul
would mean that there is a potential that this volcano might be

rejuvenated in the future. Petrologic studies indicate that in the past 5

(100-150 ka), volcanic eruptions were triggered by effective remobili-
zation of an already locked, low temperature and low melt fraction silic-

ic crystal mush via intrusion of hot basaltic magmas (Kiss et al., 2014). 5

Such processes were invoked as a triggering mechanism for several sim-
ilar volcanic systems (e.g., Unzen, Japan, Nakamura, 1995; Pinatubo,
Philippines, Pallister et al., 1992; Soufriére Hills, Montserrat; Murphy
et al., 2000). One of the key elements for such scenario is the presence
of melt-bearing magmatic body beneath the volcano. This does not
mean that Ciomadul is a potentially active volcano, since no unrest
has been detected and no eruptions were documented in the last
10 ka. However, there are signs that volcanoes can be reactivated even
after several 10s ka quiescence (Clynne and Muffler, 2010; Escobar-
Wolf et al., 2010; Frey et al., 2013). Furthermore, inSAR and seismic
data imply that the Uturuncu volcano in Bolivia, having last eruption
at 270 ka, could have been replenished by fresh magma at the depth
(Pritchard and Simons, 2002, 2004; Sparks et al., 2008). It is unclear
whether this is just a magma storing episode or could lead to volcanic
eruption in the future, however, it is a sign that deep magmatic process-
es could occur beneath a volcano well after the last volcanic eruptions.
Furthermore, zircon geochronology on a number of locations shows
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that magmatic crystallization can be continuously taking place over sev-
eral 10s or even >100s ka before the volcanic eruptions (e.g., Bachmann
et al., 2007; Claiborne et al, 2010). Thus, we suggest for long-dormant or
seemingly inactive volcanoes having melt-bearing magmatic body at
depths to term as ‘volcano with potentially active magma storage’ or
PAMS volcano. Although these volcanoes do not show presently clear
sign of rejuvenation, future volcanic activity cannot be unambiguously
excluded considering that the melt-bearing crystal mush body could
potentially be remobilized. Thus, further combined petrologic and
geophysical (e.g., further magnetotelluric) investigation as well as
more focused gas-geochemical monitoring are necessary to refine the
geometry and the state of the magma body beneath Ciomadul.
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